Abstract: A series of studies have revealed that nocturnal enuresis is closely related to hypoxia in children with primary nocturnal enuresis (PNE). However, brain oxygen metabolism of PNE children has not been investigated before. The purpose of this study was to investigate changes in whole-brain cerebral metabolic rate of oxygen (CMRO 2 ), cerebral blood flow (CBF), and oxygen extraction fraction (OEF) in children suffering from PNE. We used the newly developed T2-relaxation-under-spin-tagging (TRUST) magnetic resonance imaging technique. Neurological evaluation, structural imaging, phasecontrast, and the TRUST imaging method were applied in children with PNE (n 5 37) and healthy ageand sex-matched control volunteers (n 5 39) during natural sleep to assess whole-brain CMRO 2 , CBF, OEF, and arousal from sleep scores. Results showed that whole-brain CMRO 2 and OEF values of PNE children were higher in controls, while there was no significant difference in CBF. Consequently, OEF levels of PNE children were increased to maintain oxygen supply. The elevation of OEF was positively correlated with the difficulty of arousal. Our results provide the first evidence that high oxygen consumption and high OEF values could make PNE children more susceptible to hypoxia, which may induce cumulative arousal deficits and make them more prone to nocturnal enuresis. Hum Brain Mapp 38:2532-2539, 2017.
INTRODUCTION
Although often neglected by child psychiatry until now, primary nocturnal enuresis (PNE) is common in childhood, affecting up to 20% of children and nearly 2% of young adults (Yu et al., 2013) . It is characterized by the inability to control the flow of urine and involuntary urination during sleep beyond the age of five, the generally accepted age required for complete suppression of nocturnal bladder contractions and normal voiding habits during waking hours. PNE causes significant psychosocial stress and is associated with many complications later in life (Carotenuto et al., 2010; Esposito et al., 2011 Esposito et al., , 2013b Franco et al., 2013) .
A difficulty in arousal from sleep (AS) is a prerequisite for PNE and has been demonstrated in PNE patients through questionnaires, auditory signals, and electroencephalographic analysis (Umlauf and Chasens, 2003) . The potential mechanisms underlying the difficulty in arousal vary; however, a series of studies has revealed that nocturnal enuresis is closely related to hypoxia, sleep-disordered breathing in children (Aydil et al., 2008; Carotenuto et al., 2011) . Interestingly, oxygen supplements used for the treatment of obstructive sleep apnea can also significantly reduce nocturnal enuresis (Abdollohi-Fakhim et al., 2016) . These results indicate that PNE children may experience abnormal oxygen metabolism or oxygen consumption, which may cause them to be more prone to hypoxia.
In the past decades, several neuroimaging studies have been performed in PNE children. These studies suggest that there are multiple abnormalities in the structure and function of different brain regions (Lei et al., 2012a,b,c,; Wang et al., 2015; Yu et al., 2011 Yu et al., , 2012 Yu et al., , 2013 . However, to the best of our knowledge, the brain oxygen metabolism in PNE children has not been investigated to date.
Currently, exogenous radioactive agents are required to measure the cerebral metabolic rate of oxygen (CMRO 2 ), such as radioactively-labeled 15 O (for PET) and 13 C-glucose or 17 O-oxygen (for NMR methods) (Hyder et al., 1996; Mintun et al., 1984) . However, several reasons may limit the application of these radioactive techniques in routine clinical studies, especially in children: first, the procedure is invasive due to the injection of an exogenous agent; second, the exposure to radiation is difficult to avoid; third, the procedure of these techniques-including agent preparation, multiple injections, and agent clearance-is time-consuming, which is not easily tolerated by children; fourth, the cost of the study is relatively high due to the special equipment and special agents.
Calibrated functional magnetic resonance imaging (fMRI) also has the ability to measure neural activity (Shu et al., 2016) , and some calibrated fMRI techniques provide an estimate of absolute CMRO 2 (Bulte et al., 2012; Gauthier and Hoge, 2012) . However, respiratory calibration would have been burdensome in children and, in the absence of any hypotheses relating to regional CMRO 2 , global CMRO 2 is probably more robust in evaluation of brain oxygen metabolism.
Recently, a new method called T2-relaxation-under-spintagging (TRUST) has been developed that can perform a noninvasive (exogenous radioactive agent), fast (<5 min) and reproducible measurement of global CMRO 2 on a standard 3 T MRI scanner (Liu et al., 2014 (Liu et al., , 2016 . In this study, we investigated abnormalities in whole-brain CMRO 2 in PNE children using this newly developed method. The hypothesis of our study was that whole-brain CMRO 2 and oxygen extraction fraction (OEF) from blood of child participants with PNE may be elevated compared to that of age-matched controls.
MATERIALS AND METHODS

Participant Demographics
Forty-nine pediatric PNE patients (M:F 31:18, 7.8-13.0 years) and 53 healthy controls (M:F 32:21, 8.0-12.6 years) were enrolled in this study. The protocol used for this study was approved by the Ethical Committee of Shengjing Hospital of China Medical University (Shenyang 110004, China), and all parents or legal guardians of participants provided written informed consent according to institutional guidelines. The study methods were conducted in accordance with the approved guidelines.
All children in the PNE group met the inclusion criteria according to the International Children's Continence Society: urination under control during the daytime, involuntary urination during sleep at least twice a week for more than 6 months, normal blood and urine biochemistry, and normal urine culture and flowmetry. In addition, ultrasound examination of the urinary tract revealed no abnormal kidney or urinary tract defects, residual urine, or other urological or neurological disorders or abnormalities (Neveus et al., 2006) .
Prior to inclusion, all children regularly attended the enuresis outpatient clinic, and children with previous treatment with any typical or atypical psychoactive drug or drugs that may influence the level of PaCO 2 or PaO 2 were excluded, such as use of nitrofurantoin, methicillin, acethazolamide (decrease PaCO 2 level), bicarbonate, and hydrocortisone (increase PaO 2 level). Participants were examined by otolaryngologists and those diagnosed with sleep-disordered breathing were excluded.
Additionally, each subject completed the Childhood Behavior Checklist as a screening tool and underwent a structured diagnostic interview conducted by a child 
Laboratory Analysis and Sleep Arousal Evaluations
Pulse oxygen saturation (SPO 2 ) of participants was measured using pulse oximetry just before they entered the MRI examination room. Hematocrit (Hct) values were measured within a week of imaging.
A questionnaire was used to assess AS on a scale of 1-8 according to the methodology of Chandra et al. (2004) (see Supporting Information for details of the AS scoring system).
Imaging
All participants were scanned during their natural sleep without sleep deprivation or administration of sedatives. Three days prior to the scanning, when the children fell asleep at home in the evening, their families were asked to insert earplugs into their ears and play recordings of the sounds of the MRI scanner. On the scanning day, parents and children arrived between 10:00 and 11:30 p.m. Children were then encouraged to fall asleep naturally in the MRI waiting room. After falling asleep, they were moved into the scanner room. After 5 min of deep sleep in the scanner bed, earplugs were inserted in their ears and an additional thick ear cushion was used to filter the noise and to fix the placement of the head.
All experiments were performed on a 3 T MR system (Ingenia, Philips Medical System, Best, the Netherlands). An eight-channel sensitivity encoding (SENSE) head coil was used for receiving.
The pulse sequences and planning schemes for the CMRO 2 measurement were previously described in detail by Lu et al. (Lu and Ge, 2008; Xu et al., 2009) . Briefly, an axial 3D time-of-flight (TOF) angiogram was performed to visualize internal carotid arteries (ICA) and vertebral arteries (VA), which supply blood to the brain. The TRUST imaging slice was planned 20 mm above the sinus confluence (where superior sagittal sinus (SSS), straight sinus, and transverse sinus join (Fig. 1A) and parallel to the anterior commissure-posterior commissure (AC-PC) line. The imaging parameters were as follows: repetition time 5 1978 ms; voxel size 5 3.44 3 3.44 3 5 mm 3 ; four different T2-weightings with effective echo time (eTE) of 1, 40, 80, and 160 ms, with Car-Purcell-Meiboom-Gill sequence s 5 10 ms; scan duration 5 72 s.
To estimate CBF, four phase-contrast (PC) MRI scans were performed after obtaining the TRUST sequence. Slices were placed perpendicular to each of the left/right ICA and left/right VA arteries (Fig. 1F,G) . The PC MRI scans were performed with the following settings: single slice; voxel size 5 0.5 3 0.5 3 5 mm 3 ; FOV 5 200 3 200 3 5 mm 3 ; maximum velocity encoding 5 40 cm/s; scan duration of one PC MRI scan 5 15.2 s.
Including scan preparation time, the total scan time for estimating each CMRO 2 data set was no more than 5 min.
After CMRO 2 data acquisition, a 3D T1-weighted turbofield-echo (TFE) scan was performed for the estimation of brain volume. The TFE sequence was obtained using the following imaging parameters: TR/TE: 9.6 ms/4.6 ms; FOV: 230 mm; matrix: 256 3 256; section thickness: 1.2 mm; number of slices: 175; coronal slice orientation; scan duration 5 5 min 30 s.
Imaging Analysis
In this study, the Fick principle of arteriovenous oxygen difference was utilized to noninvasively quantify absolute whole-brain CMRO 2 (Xu, et al., 2009 ). Based on the Fick principle, the CMRO 2 can be calculated using
where CMRO 2 is expressed in units of lmol/100 g/min, CBF in units of ml/100 g/min, Ya and Yv (in percentage, %) are oxygenation values of arterial and venous blood, respectively. Yv levels, the venous blood oxygenation in the sagittal sinus, were estimated with the TRUST technique , based on the principle that blood oxygenation has a known relationship with blood T2 (Thayyil et al., 2012) . The TRUST MRI data were processed using in-house MATLAB (Mathworks, Natick, MA, USA) scripts . The data were first realigned to correct the head motion, then pairwise subtraction between control and tag images was performed to obtain pure venous blood signal (Fig. 1B-D) . After subtraction, the region of interest (ROI, including the SSS) was manually drawn on the difference image. Spatial averaging was subsequently performed within the four voxels with the highest signals in the ROI. After averaging, the venous blood signals were fitted to a monoexponential function to obtain T2, R2 (1/ T2), and a 95% confidence interval of R2 (Fig. 1E) . Participants were excluded from further analysis if their 95% confidence interval of R2 exceeded 10 (1/s). The resultant T2 values were then converted to Yv according to the calibration plot obtained by in vitro blood experiments by Lu et al. (2012) .
Global CBF was estimated with PC MRI in the four feeding arteries of the brain (Liu et al., 2014) . For each PC MRI data point (Fig. 1H) , an ROI was manually drawn to trace the boundary of the targeted artery based on the difference image. The phase signals within the targeted artery r Yu et al. r r 2534 r were summed to calculate the blood flow. The sum of blood flow in all four feeding arteries was then combined as the total brain blood flow (in ml/min). To obtain unit volume CBF values, the total brain flow was normalized to the parenchyma volume of brain (gray matter and white matter), which was obtained from tissue segmentation of the high-resolution T1 image using VBM8 tools (http:// dbm.neuro.uni-jena.de/vbm/). Finally, the CBF value was divided by the tissue density of 1.06 g/ml (Herscovitch and Raichle, 1985) , resulting in CBF in units of ml/100 g/ min (Liu et al., 2016) . Ya (SPO 2 ) was measured with pulse oximetry. Ch represents the oxygen-carrying capability of hemoglobin (8.36 mmol O 2 /ml blood at typical hematocrit levels of Hct 5 0.41) (Liu et al., 2015) . The actual value of Ch used in the calculation of this study varied within each individual based on their determined Hct value.
Finally, CMRO 2 was calculated from Yv, Ya, CBF, and Hct using Eq. (1). The term of (Ya 2 Yv)/Ya is further defined as oxygen extraction fraction (OEF) .
Statistical Analysis
SPSS 17.0 software (SPSS Inc., Chicago, IL, USA) was used to analyze the data. Assumptions for normality were tested for continuous variables (age, FIQ, Ya, Yv, OEF, gray matter volume, white matter volume, CBF, Hct, and CMRO 2 ) using the Kolmogorov-Smirnov test. The descriptive statistics were performed first, and then the continuous data with a normal distribution are expressed as means and SDs, whereas the non-normally distributed data are presented as medians with IQRs.
Demographic parameters, including age and FIQ, were compared using Student's t-tests or Mann-Whitney U-tests between PNE and control group depending on the normality and homoscedasticity of these variables. Chi-square tests were used to compare the gender proportion between groups.
Ya, Yv, OEF, gray matter volume, white matter volume, CBF, Hct, and CMRO 2 were also compared using Student's t-tests or Mann-Whitney U-tests between the two groups. The Holm-Bonferroni method was used to correct for multiple comparisons. AS scores were compared using Mann-Whitney U-tests between all PNE patients and controls; Spearman correlation analysis was performed to compare the AS scores with CMRO 2 , CBF, Yv, and OEF of PNE group, P < 0.05 was required for significance.
RESULTS
Nine PNE children and 13 control children failed to fall asleep or wake up during the MRI scan. Demographic and imaging data were discarded for these 22 subjects. Additionally, based on a calculated 95% confidence interval of DR2 > 10 (1/s), demographic and imaging data of three children of the PNE group and one child of the control group were discarded. The data of the remaining 37 children in the PNE group and 39 children in the control group were included in the study, resulting in a total of 76 subjects. Table I summarizes the participant demographics. Age and sex were matched between controls (age 5 10.3 6 1.6 years, 57% males) and PNE children (age 5 9.8 6 1.2 years, 62% males). The FIQ did not differ between the PNE group (FIQ 5 105 6 9.6) and the control group (FIQ 5 106 6 10.3).
Compared with the control group, the OEF and CMRO 2 values of PNE children (OEF 5 31% [IQR 27-33]; CMRO 2 5 165 lmol/100 g/min [139.5-194 .7]) were significantly higher (Pcorrected: <0.05) than those of controls (OEF 5 28% [IQR 25-31]; CMRO 2 5 134.0 lmol/100 g/min .5]; Fig. 2A,B) . Yv values of the PNE group (Yv 5 66 [IQR 64-70]) were lower than those of controls ). However, there were no differences in gray matter volume, white matter volume, Ya, CBF, or Hct between PNE children (gray matter volume 5 738.9 6 41.5 mm 3 ; white matter volume 5 435.6 mm 3 .8]; Ya 5 96.4 6 1.5%; CBF 5 65.7 6 8.4 ml/100 g/min; Hct 5 0.42 6 0.05) and controls (gray matter volume 5 753.3 6 50.4 mm 3 ; white matter volume 5 444.1 mm 3 .8]; Ya 5 97.1 6 1.7%; CBF 5 61.2 6 7.7 ml/100 g/min; Hct 5 0.41 6 0.05).
AS scores of the PNE group were significantly higher than in controls (Z 5 2.553, P 5 0.0107; ties-corrected; Fig.  2C ). The OEF showed a significant positive correlation with AS scores in the PNE group (r 5 0.625, P < 0.001; Fig.  2D ).
DISCUSSION
In this study, we assessed whole-brain hemometabolic and OEF abnormalities in children with PNE during sleep using TRUST MRI technology. To the best of our knowledge, this is the first study of hemometabolic measurement in PNE children. Results showed that the whole-brain CMRO 2 and OEF values of PNE children were higher than in controls. There was no significant difference in CBF between PNE and controls. Consequently, the OEF levels of PNE children were increased to maintain oxygen supply. The elevation of OEF positively correlated with the difficulty of arousal.
The delay of maturation of several brain areas in PNE children has been reported in previous studies. The neural networks in these brain areas are less refined due to inefficient axonal pruning and synaptic refinement. Thus, many redundant and unnecessary energy-consuming neural connectivities exist in these areas (Liu et al., 2014) , which may result in higher metabolism per unit mass of brain tissue in PNE children compared to controls (Acebes and Ferrus, 2000; Chugani, 1998) .
However, elevated CMRO 2 levels may represent a compensation mechanism for lower brain network efficiency that was discovered by former neuroimaging and behavioral studies (Lei et al., 2015) . It is reasonable to expect that the neural processing units of PNE children would have to expend more energy and undertake more processing load to compensate their low-efficiency brain network to maintain the same functionality as normal children (Yu et al., 2012) .
Our results also suggest that the OEF values of PNE children were higher than in controls, and that OEF showed a significant correlation with AS scores. Given that a previous study identified OEF as a sensitive indicator of cerebral ischemia or hypoxia (Derdeyn et al., 1999) , and that nocturia is associated with sleep apnea in adults (Bliwise et al., 2015; Raheem et al., 2014) , we speculated that the high oxygen consumption and high OEF may make PNE children more susceptible to hypoxia. Hypoxia may induce a higher frequency of respiratory arousals, which may lead to sleep fragmentation. Sleep fragmentation may cause sleep deprivation (Esposito et al., 2013a) and may raise the arousal threshold by increasing sleep pressure in PNE children (Dhondt et al., 2014) . In addition, hypoxia may increase the concentration of antidiuretic hormone and increase nocturnal urine production above functional bladder capacity (Abdollohi-Fakhim et al., 2016; Aydil et al., 2008) . Therefore, the high OEF scores are secondary to high oxygen consumption and significantly increase the risk of nocturnal enuresis. Our results may also explain that obstructive sleep apnea (particularly in the case of sleep apnea) is very common in PNE children, and that the therapy that alleviates the obstruction of airways such as adenotonsillectomy may relieve nocturnal enuresis symptoms in some children (Kovacevic et al., 2014) . Kovacevic et al. (2014) suggested that nocturnal enuresis may be more prevalent in children with more frequent arousal episodes due to more severe apneas but fewer actual awakenings. We therefore speculate that OEF values may predict the occurrence of nocturnal enuresis after airway obstruction therapy in children.
CMRO 2 testing provided effective evidence in support of our hypothesis; however, this study has some limitations that warrant further research to validate these findings and the proposed mechanism. First, to avoid effects of sedatives or sleep deprivation, participants were scanned during natural sleep, but the sleep in the examination room is not directly comparable to the sleep in their bedroom. Second, nearly one-fourth of the participants failed to complete the MRI examination (maybe due to light sleep), which may cause bias. Third, due to a lack of MR-compatible EEG equipment, the staging of sleep during the MRI scan was not determined in this study. Fourth, the sample size and diversity is insufficient to demonstrate that our proposed hypothesis is correct, requiring future testing on larger, more diverse cohorts. Fifth, the CMRO 2 values were measured at a global level (Aanerud, et al., 2012) and the regional or tissue-type differences of CMRO 2 were not measured in detail. Sixth, the assessment of AS was performed from a simple questionnaire, which can limit physiological and neurological information. Finally, in an effort to avoid possible confounding effects of abnormal level of oxygen caused by sleep-disordered breathing on experimental results, subjects exhibiting PNE comorbidity with sleep-disordered breathing were excluded from this study. Such exclusion may incur certain selection bias that must be considered in reviewing these results and in the design of future studies. 
CONCLUSION
We present the first application of noninvasive TRUST MRI in children with PNE and demonstrate the elevation of OEF and CMRO 2 in PNE children, relative to controls without any exogenous contrast agents. These data provide new insight to understand the relationships between metabolism, perfusion, and OEF in PNE children.
